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Abstract 

Pulmonary arterial hypertension (PAH) is a devastating disease characterized by abnormal remodeling of small, peripheral 
pulmonary arteries. Germline mutations in the bone morphogenetic protein receptor type 2 {BMPR2) gene are a major risk 
factor for developing PAH. At present, the correlation between the BMPR2 mutation and the patient's prognosis remains 
controversial despite several investigations. In this study, we explored the functional effects of four BMPR2 mutations to 
dissect the functional significance of the BMPR2 gene defect. Cellular immunofluorescence assay of four mutants (Tyr67Cys, 
Thr268fs, Ser863Asn, and Gln433X) revealed that the BMPR2 protein containing Thr268fs, Ser863Asn, or Gln433X exhibited 
abnormal subcellular localization. The BrdU incorporation and TUNEL assay suggested that any of the BMPR2 mutations 
Thr268fs, Ser863Asn, or Gln433X could improve endothelial cell apoptosis and decrease cell proliferation. All of the four 
mutants could inhibit nitric oxide (NO) synthesis in HLMVE cells, and ET-1 levels increased in the cells transfected with 
mutant Ser863Asn. Our results will improve the understanding of the genotype-phenotype correlations and mechanisms 
associated with BI\/1PR2 mutations. 
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Introduction 

Pulmonary arterial hypertension (PAH) is a rare but devastating 
disease characterized by pulmonary vascular proliferation and 
remodeling, resulting in loss of patency of the pulmonary arteries 
[1]. A key event in the pathophysiology of PAH is dysregulation of 
endothelial-dependent regulators, including nitric oxide (NO) and 
endothelin (ET), which, when combined with abnormal prolifer- 
ation of endothelial and smooth muscle cells and vascular 
remodeling, results in increased pulmonary arterial pressure and 
vascular resistance [1,2]. PAH may occur in a variety of clinical 
contexts, including as a sporadic disease known as idiopathic PAH 
(IPAH) and as a familial disease that typically occurs among family 
members who share a common genetic predisposition. 

A significant advance in understanding the pathogenesis of PAH 
has been the demonstration of segregation as an autosomal 
dominant disorder with reduced penetrance, which has been 
mapped to a locus on 2q31-32 [3,4]. Germline mutations in the 
bone morphogenetic protein receptor type 2 gene (BMPR2), a 
member of the transforming growth factor (TGF)-P superfamily of 
transmembrane serine/threonine kinase receptors, were identified 
in at least 50% of familial cases and as many as 40% of sporadic 
cases [5-8]. BMPR2 is a 13-exon gene that encodes four 



conserved domains: extracellular domain (ECD), transmembrane 
domain (TM), kinase domain (KD), and cytoplasmic domain (CD). 
Bone morphogenic proteins (BMPs) may modulate a number of 
pathophysiological processes, not only in the vascular smooth 
muscle (VSM) but also in the endothelium, which may contribute 
to the development of PAH. Within the endothelium, BMP has 
been shown to modulate the formation of the key transmitters, NO 
[9] and ET [10], and to regulate endothelial ceU migration [11], as 
well as survival and proliferation [12]. 

Molecular studies of BMPR2 mutations in PAH demonstrate 
that approximately 30% are missense mutations that occur in 
highly conserved amino acids and are likely to perturb ligand- 
receptor binding or disrupt the constitutively active functional 
domains of the receptor. However, most BMPR2 coding 
mutations are frameshift and nonsense mutations [8] or involve 
deletions [13]. Many of the mutations predicted to cause 
premature truncation are thought to trigger nonsense-mediated 
decay of the mutant mRNA and lead to a state of haplo- 
insufficiency, which may represent the predominant molecular 
mechanism underlying inherited predisposition to PAH [14,15]. 

Previous studies have shown that patients who carry a BMPR2 
mutation have worse prognoses than do non-carriers in patients 
with PAH [16-18]. Whether the type of BMPR2 mutation alters 
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the PAH prognosis remains controversial, as studies comparing 
prognoses in patients with truncating and missense mutations have 
yielded divergent results [19,20]. A key question concerning the 
clinical course is whether the different types of mutations have 
different effects on the function of the endothelial cell in terms of 
release of endothehal-dependent mediators, as well as endothelial 
cell migration, proliferation and survival. 

Accordingly, we investigated the functional significance of 
different BMPR2 mutations in human lung microvascular 
endothelial (HLMVE) cells. We compared the effects of two 
missense mutations (Tyr67Cys in ECD and Ser863Asn in CD) and 
two truncating mutations (Thr268fs and Gln433X in KD) on the 
release of the key endothelial mediators, NO and ET, and on 
endothelial cell prohferation, migration and apoptosis. 

Materials and Methods 

Cell culture 

HLMVE cells were purchased from Lonza (WalkersviUe, MD) 
and maintained in the medium and growth supplements supplied 
by the manufacturer (EGM-2). The supplements contained 5% 
fetal bovine serum (FBS), hydrocortisone, human endothelial 
growth factor, vascular endothelial cell growth factor, human 
fibroblast growth factor basic, long (R3)-insulin-like growth factor- 
1, ascorbic acid, and antibiotics. The medium was changed every 
48 hours until 80% confluence was achieved. Cells from passages 
3 to 5 were used for all experiments. 

The supplements contained 5% fetal bovine serum (FBS), 
hydrocortisone, human endothelial growth factor (GF), vascular 
endothelial cell GF, human fibroblast GF basic, long (R3)-insulin- 
like GF-1, ascorbic acid, and antibiotics. The medium was 
changed every 48 hours until 80% confluence was achieved. Cells 
from passages 3 to 5 were used for all experiments. 

Plasmld construction 

The entire coding sequence of human BMPR2 was cloned, and 
a wild-type, V5-tagged BMPR2 construct was generated using 
pcDNA3. 1 plasmid. Mutant BMPR2 constructs were generated by 
subjecting the wild-type construct to site-directed mutagenesis, 
using the Agilent QuickChange protocol (Agilent Technologies, 
Garden Grove, CA). The sequences of the wild-t\pe and mutant 
constructs were confirmed by DNA sequencing, using an ABI 377 
sequencer with the Applied Biosystems Big Dye Terminator v.3.1 
Cycle Sequencing Kit (Foster City, CA). 

Immunofluorescent staining 

Immunofluorescent staining was performed to examine subcel- 
lular localization of wild-type and four BMPR2 mutants. Briefly, 
HEK293 cells were cultured in two well chamber shdes to 30% 
confluence. Cells then were transfected with BMPR2 wild-type or 
mutant plasmids using lipofectamine 2000 (Invitrogen, Carlsbad, 
CA). After 24 hours, the cells were washed with cold phosphate 
buffered saline (PBS) and fixed in PBS-buffered 4% paraformal- 
dehyde at room temperature for 10 minutes and blocked with 
CAS-BLOCK (Invitrogen, Carlsbad, CA) for 30 minutes. The 
cells then were incubated for 2 hours with a mouse monoclonal 
antibody against V5. After being washed with PBS, cells were 
incubated with fluorescein isothiocyanate (FITC)-conjugated 
donkey anti-mouse IgG for 1 hour. Nuclei were counterstained 
with 4',6-diamidino-2-phenylindole (DAPI). Cells then were 
mounted with aqueous mounting media and examined using an 
immunofluorescence microscope. 



Brdu incorporation in vitro 

To analyze cell proliferation, incorporation of bromodeoxyur- 
idine (Brdu) in vilro was measured using a Brdu labeling and 
detection kit (Millipore, Hayward, CA). HLMVE cells were 
cultured in the medium containing growth supplements; the cells 
then were transfected at 80% confluence with BMPR2 wUd-type 
or mutant plasmids using a Nucleofector HLMVEC-L transfection 
reagent and the Nucleofector 2b Device (Lonza, WalkersviUe, 
MD) according to the manufacturer's instructions. After being 
incubated for 48 hours at 37°C, the media were supplemented 
with 10 M Brdu and incubated for an additional 6 hours. The 
cells then were stained with a peroxidase-labeled antibody against 
BrdU. The absorbance of the samples at 450 nm was measured 
using a microplate reader. 

Apoptosis assay 

Apoptotic HLMVE cells transfected with BMPR2 wild-type or 
mutant plasmids were determined by morphological changes. The 
transfected cells were cultured in serum-free medium for 24 hours 
and then stained with the terminal deoxyribonucleotidyl transfer- 
ase (TdT)-mediated dUTP-digoxigenin nick end labeling (TU- 
NEL) reagent (Roche, Indianapolis, IN) for in situ apoptosis 
detection. In brief, fixed cells were incubated for 60 minutes in a 
nucleotide mixture containing fluorescein- 12-dUTP and TdT, 
according to the manufacturer's instructions. Positive cxmtrols 
were pretreated with 10 U/ml DNase, and negati\c controls were 
incubated without TdT. Six fields per slide were examined in each 
experiment. Nuclei were examined for apoptotic morphology and 
staining with DAPI and TUNEL reagent. 

Endothelin-1 measurement by ELISA 

The cells were grown to 70% confluency and then transfected 
with wild-type plasmid and four BMPR2 mutants. After 8 hours, 
the transfection medium was replaced with fresh complete EGM- 
2MV media. The cell culture media were collected and stored at 

— 80 C. Tlu' media subsequently w('r(' thawed, and ET-1 levels 
were measured using high sensitivity enzyme-linked immunosor- 
bent assay (ELISA) Quantikine kits (R&D Systems, Minneapohs, 
MN) according to the manufacturer's protocol. 

Total nitric oxide production measurement 

NO levels were estimated using the NO quantitation kit (R&D 
Systems, Minneapolis, MN). The cell culture medium was filtered 
through a 10,000-Da micropore filter prior to performing the 
assay. The kit was used according to the manufacturer's 
instructions, and ELISA was used to measure NO levels. 

Statistical analysis 

All data were expressed as Mean ± SD. Differences among 
groups were examined for statistical significance using one-way 
ANOVA. A P-value less than 0.05 denoted the presence of a 
statistically significant difierence. 

Results 

Subcellular localization of wild-type and mutant Bi\/1PR2 
in HEK293 cells 

We examined the subcellular localization of wild-type and four 
mutants of BMPR2: two missense mutants (Tyr67Cys and 
Ser863Asn) and two truncating mutants (Thr268fs and Gln433X). 
The immunofluorescence staining revealed the wild-t^pe (Fig- 
ure lA) and Tyr67Cys (Figure IB) mutant localizing in the ECD 
of BMPR2, exhibited by intense staining of the cytoplasm and the 
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Figure 1. Differential subcellular localization of wild-type and 
mutant BMPR2. Subcellular distribution of V5-tagged wild-type (A), 
Tyr67Cys (B), Thr268fs (C), Gln433X (D), and Ser863Asn (E) BMPR2 
mutants in transfected HEK293 cells. Permeabilized cells were subjected 
to immunofluorescence (fluorescein isothiocyanate; green) staining and 
observation by fluorescent microscopy after nuclear staining with DAPI 
(blue). 

doi:1 0.1 371 /journal.pone.01 06703.g001 

plasma membrane. In contrast, the Thr268fs and Gln433X 
mutants, carrying a truncating mutation within the KD, were 
located mainly in the nucleus and abnormally aggregated in the 
cytoplasm, respectively (Figure IC-D). The Ser863Asn mutant, 
localizing in the CD, was evenly distributed in the nucleus and 
cytoplasm (Figure IE). 

Effects of BI\/1PR2 mutations on HLMVE cell proliferation 

The HLMVE cells were transfected with BMPR2 wild-type or 
mutant constructs, and the cell proliferation was analyzed by 
incorporating Brdu. The results showed that the HLMVE cells 
transfected with mutants Thr268fs, Gln433X, or Ser863Asn 
demonstrated significandy decreased cell proliferation compared 
with cells transfected with wild-type BMPR2 (Figure 2). However, 
no significant difference in cell proliferation was observed between 
the cells transfected with mutant Tyr67Cys and those with wild- 
type BMPR2. 




WT Tyr67Cys Thr268fs Gln433X Ser863Asn 

Figure 2. The effects of BMPR2 mutations on proliferation of 
human lung microvascular endothelial (HLMVE) cells. The 

HLMVE cells transfected with BMPR2 wild-type (WT) or mutant 
constructs were cultured for 48 hours in medium with fetal bovine 
serum and growth supplements, then labeled with BrdU for an 
additional 6 hours. BrdU incorporation was presented as % of WT. * 
P<0.05 compared with WT. 
doi:10.1 371/journal.pone.01 06703.g002 

Effects of BMPR2 mutations on HLMVEC apoptosis 

To examine the effects of the four BMPR2 mutations on 
HLMVE cell apoptosis, we performed the TUNEL assay on the 
cells transfected with BMPR2 wild-type or mutant constructs. As 
shown in Figure 3, the number of TUNEL-positive cells was 
significandy increased in the cells transfected with mutants 
Thr268fs, Gln433X, or Ser863Asn compared with the BMPR2 
wild-type transfected cells. However, no effect of mutant 
Tyr67Cys on cell apoptosis was observed. 

Effects of BMPR2 mutations on HLMVEC NO and ET-1 
synthesis 

The HLMVE cells were transfected with BMPR2 wild-type or 
mutant constructs, and the levels of NO and ET- 1 .synthesis were 
measured by ELISA kit. The results showed that the HLMVE cells 
transfected with mutants Tyr67Cys, Thr268fs, Gki433X, or 
Ser863Asn demonstrated significandy decreased NO synthesis 
compared with cells transfected with wild-type BMPR2 (Fig- 
ure 4A). ET-1 levels significandy increased in the supernatants 
from the HLMVE cells transfected with Ser863Asn, but no effects 
of mutants Tyr67Cys, Thr268fs or Gln433X on ET-1 synthesis 
were observed (Figure 4B). 

Discussion 

PAH is a rare and fatal disorder, with an estimated incidence of 
1 to 2 per million cases per year. Pathological features of PAH 
appear in small pulmonary arteries and include intimal fibrosis, 
distal localization and proliferation of VSM cells, and pulmonary 
arterial occlusion [21]. The prognosis of PAH remains poor 
despite recent advances in therapeutic approaches that appear to 
prolong survival in some patients with PAH [22]. The pathogen- 
esis of PAH is largely unknown, but ample evidence implicates the 
involvement of diverse vascular effectors, such as hormones, 
growth factors, neurotransmitters, and environmental stressors, 
that induce pulmonary vascular constriction, cell proliferation, or 
remodeling [23]. 

The identification of the association between mutations of the 
BMPR2 receptor and idiopathic PAH, both familial and sporadic, 
represents a major advance toward an understanding of the 
complex pathogenic mechanisms that underlie this fatal disease 
[6,24,25]. The BMPR2 mature protein harbors four discrete 
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WT Tyr67Cys Thr268fs Gln433X Ser863Asn 

Figure 3. The effects of BMPR2 mutations on HLMVE cell 
apoptosis. Imunofluorescent images of HLMVE cells transfected with 
BMPR2 wild-type (WT) or mutant plasmids exposed to serum-free 
medium for 24 hours. TUNEL-positive cell nuclei exhibit bright red 
fluorescence as opposed to the blue fluorescence of the DAPI nuclear 
counterstain, whereas co-localization of TUNEL and DAPI staining 
appears as pink. B, Summary data showing the proportion of TUNEL- 



positive nuclei in HLMVE cells transfected with BMPR2 wild-type or 
mutant plasmids. *P<0.05 compared with wild-type. 
doi:1 0.1 371/journal.pone.01 06703.g003 

functional domains: 1) an extracellular ligand-binding domain 
encoded by exons 1-3; 2) a TM domain generated by exon 4; 3) a 
serine-threonine KD from exons 5-11; and 4) a very large 
intracellular C-terminal domain of unknown function from exons 
12 and 13, which presents only in BMPR2 within the TGF-P 
receptor superfamHy [7]. In common with other TGF-P receptors, 
BMPR2 transduces signals by forming heterodimers at the cell 
surface with a corresponding type I BMP receptor (BMPRIA or 
BMPRIB). In the presence of ligand, the serine-threonine kinase 
activity initiates a signal transduction cascade that involves 
phosphorylation of a family of signaling proteins known as Smads, 
and then the signal via a restricted set of receptor-mediated Smads 
translocates to the nucleus and regulates target-gene transcription 
[26,27]. 

To explore the functional consequences of BMPR2 mutations 
located at the different domains, we generated four mutants of 
BMPR2 identified in patients with PAH: Tyr67Cys in the 
extracellular ligand-binding domain, Thr268fs and Gln433X in 
the serine-threonine KD, and Ser863Asn in the C-terminal 
domain. The last three of these mutants (Thr268fs, Gln433X, 
and Ser863Asn) showed abnormal subcellular localization, 
suggesting that the loss of function of certain BMPR2 mutants is 
due at least in part to their altered subcellular localization. The 
results also showed that the three mutants (Thr268fs, Gln433X, 
and Ser863Asn) could augment endothelial cell apoptosis and 
decrease cell proliferation. In the in vitro level, the effect of 
Tyr67Cys is different from other three mutations, which might 
indicate that other factors such as modifier genes and environ- 
mental changes contribute to the phenotypes in addition to the 
genes themselves. 

Although BMPR2 is expressed by both pulmonary artery 
endothelial and smooth muscle cells, most investigations have 
focused on the potential importance of BMPR2 mutations on 
SMCs. A picture has emerged indicating that BMPR signaling in 
pulmonary VSM cells is required to maintain low VSM tone, to 
prevent abnormal proliferation, and to maintain normal medial 
structure [28-30]. However, the recent studies also implicate the 
endothelium as a critical target in the molecular pathogenesis of 
this disease. Krystyna and colleagues observed that knockdown of 
the BMPR2 using siRNA increased the basal level of apoptosis in 
normal human pulmonary artery endothelial cells [31]. Moreover, 
attenuation of BMP signaling specifically in the endothelium by 
selective deletion of BMPR2 is found to be sufficient to cause 
pulmonary vascular remodeling and the spontaneous development 
of pulmonary hypertension in mice [32]. In keeping with this 
finding, the endothelium is the predominant site of BMPR2 
expression in the normal pulmonary vessels, and normal BMP 
signaling is required for survival of pulmonary endothelial cells 
[31,33,34]. 

Microvascular endothelial dysfunction is a prominent feature of 
PAH [35] . The role of pulmonary microvascular endothelial cells 
in the pathogenesis of PAH is crucial [36] . Previous studies have 
shown that changes in endothelial products, including decreased 
levels of NO and increased levels of ET-1, occur in PAH [37,38]. 
ET-1 is a potent vasoconstrictor involved in the regulation of 
vascular tone and implicated in hypertension [39]. NO, the 
primary pulmonary vasodilator, is both produced and released by 
the endothelium. The primary functions of NO are the regulation 
of vascular tone, inhibition of VSM cell proliferation, and platelet 
aggregation [40]. The imbalance between vasodilators and 
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Figure 4. The effects of BMPR2 mutations on HLIVIVE cells NO and ET-1 synthesis. The HLMVE cells were transfected with BMPR2 wild-type 
or mutant constructs, and the levels of NO (A) and ET-1 (B) synthesis were measured by ELISA kit after 48h of transfection. *P<0.05 compared with 
wild-type. 

doi:1 0.1 371 /journal.pone.01 06703.g004 



vasoconstrictors in tlie pulmonary circulation contributes to the 
narrowing of the pulmonary artery [39]. 

Star, et al., found tliat BMPR2 knockdown stimulates produc- 
tion of ET-1 by HLMVE cells in vitro [36]. In our study, BMPR2 
missense and truncating mutations reduced NO synthesis by 
HLMVE cells. This result is consistent with the effect of these 
mutants on cell apoptosis. High pulmonary levels of ET-1 in PAH 
have been recognized for 20 years, and several endothelial 
receptor antagonist tlierapies are known to offer clinical benefit 
[41,42]; we, tlierefore, measured the ET-1 levels in the superna- 
tant of the HLMVE cells after they were transfected with BMPR2 
mutants. Our results demonstrated that only the Ser863Asp 
mutant stimulates production of ET-1 by HLMVE cells. In 
contrast, no effects of mutants Tyr67Cys, Thr268fs, and Gln433X 
on levels of ET - 1 in HLMVE cells were found. As many previous 
studies have demonstrated that TGF-|3 stimulates production of 
ET-1 in endothelial cells [10], the question is raised as to whether 
the Ser863Asp mutant increases ET-1 levels itself or stimulates 
TGF-fi signaling, which would indirectly increase ET-1 levels. The 
increased levels of ET-1 associated with the Ser863Asp mutant 
and the decreased levels of NO in all four mutants we identified 
may represent a mechanism that explains how BMPR2 mutations 



are associated with the development of PAH. These observations 
may have important implications regarding the link between 
mutations in the BMPR2 gene and the development of disease. 
They also suggest that patients with mutations may be more 
susceptible to endothelial cell loss, which has now been implicated 
in various experimental models as an initiating event in the 
pathogenesis of PAH. However, due to technical and resource 
restrictions, this study has the limitation of being unable to carry 
out experiments in biopsy samples from PAH patients. Animal 
model studies also might cast more light on the effects and further 
verify what we found in cells. 

In summary, tliis is the first study to compare the functional 
significance of missense and truncating mutations of BMPR2 in 
HLMVE cells. No systemic difference was observed in terms of 
effects on subcellular localization, ET/NO measurements, and 
proliferation/ apopotosis after HLMVE cells were transfected with 
different types of BMPR2 mutations. 

Acknowledgments 

We thank Dr. B. Lee Ligon for critical reading of the manuscript. 



PLOS ONE I www.plosone.org 



5 



September 2014 | Volume 9 | Issue 9 | el 06703 



Functional Analysis of BMPR2 Mutations 



Author Contributions 

Conceived and designed the experiments: HW YXF DJP. Performed the 
experiments: HW RRJ JM WXZ LL GLW LS ZHL LH. Analyzed the 



data: HW RRJ JM W^Z LL GLW LS ZHL LH QCXC. Contributed 
reagents/ materials/ analysis tools: YXF. Contributed to the writing of the 
manuscript: HW YXF DJP. 



References 

1. Humbert Al, Sitbon (), Simonnrau Q (2004) Treatment of pulmonary arterial 
hypertension. N EnglJ Med 351: 1425-1436. 

2. Gainc SP, Rubin LJ (1998) Primary pulmonary hypertension. Laneet 352: 719— 
725. 

3. Nichols WC, KoUer DL, Slovis B, Foroud T, Terry VH, et al. (1997) 
Localization of the gene for familial primary pulmonary hypertension to 
chromosome 2q31-32. Nat Genet 15: 277-280. 

4. Morse JH, Jones AC, Barst RJ, Hodge SE, Wilhelmsen KC, et al. (1997) 
Mapping of familial primary pulmonary hypertension locus (PPHl) to 
chromosome 2q31-q32. Circulation 95: 2603-2606. 

5. Deng Z, Morse JH, Slager SL, Cuervo N, Moore KJ, et al. (2000) Familial 
primary pulmonary hypertension (gene PPHl) is caused by mutations in the 
bone morphogenetic protein receptor-II gene. Am J Hum Genet 67: 737-744. 

6. Lane KB, Machado RD, Pauciulo MW, Thomson JR, PhiUips JA, 3rd, et al. 
(2000) Heterozygous germline mutations in BMPR2, encoding a TGF-beta 
receptor, cause familial primary pulmonary hypertension. The International 
PPH Consortium. Nat Genet 26: 81-84. 

7. Machado RD, Pauciulo MW, Thomson JR, Lane KB, Morgan NV, et al. (2001) 
BMPR2 haploinsufheiency as the inherited moleetilar mechanism for primary 
pulmonary hypertension. AmJ Hum (}enet 68: 92 - 102. 

8. Thomson JR, Machado RD, Paueiulo MW, Morgan N\', Humbert M, et al. 
(2000) Sporache primary pulmonary hypertension is associated with germline 
mutations of the gene encoding BMPR-II, a receptor member of the TCiF-beta 
family. J Med Genet 37: 741-745. 

9. Gangopahyay A, Gran M, Bauer EM, Wertz JW, Comhair SA, et al. (2011) 
Bone morphogenetic protein receptor 11 is a novel mediator of endothelial nitric- 
oxide synthase activation. J Biol Chem 286: 33134-33140. 

10. Star GP, Giovinazzo M, Langleben D (2013) ALK2 and BMPR2 knockdown 
and endothelin-1 production by pulmonary microvascular endothelial cells. 
Microvase Res 85: 46-53. 

11. Valdimarsdottir Q. (ioumans MJ, Rosendahl A, Brugman M, Itoh S, et al. 
(2002) Stimulation of Id 1 expression by bone morphogenetic protein is sufiicient 
and necessary for bone morphogenetic protein-induced activation of endothelial 
ceUs. Circulation 106: 2263-2270. 

12. Finkenzeller G, Hager S, Stark GB (2012) Effects of bone morphogenetic protein 
2 on human umbilical vein endothelial cells. Microvase Res 84: 81-85. 

13. CoganJD, Pauciulo MW, Batchman AP, Prince MA, Robbins IM, et al. (2006) 
High frequency of BMPR2 cxonie deletions /duplications in familial pulmonary 
arterial hypertension. AmJ Respir Crit Care Med 174: 590-598. 

14. Khajavi M, Inoue K, Lupski JR (2006) Xonsense-mediated mRNA decay 
modulates clinical outcome of genetic disease. Eur J Htim Cjcnet 14: 1074- 
1081. 

15. Neu-Yilik G, Kulozik AE (2008) NMD: multitasking between mRNA 
surveillance and modulation of gene expression. Adv Genet 62: 185—243. 

16. Elliott CG, GUssmeyer EW, Havlena GT, Carlquist J, McKinney JT, et al. 
(2006) Relationship of BMPR2 mutations to vasoreactivity in pulmonary arterial 
hypertension. Circulation 113: 2509-2515. 

17. Rosenzweig EB, Morse JH, Knowles JA, Chada KK, Khan A^I, et al. (2008) 
Clinical implications of determining BMPR2 mutation status in a large cohort of 
children and adults with pulmonary arterial hypertension. J Heart Lung 
Transplant 27: 668-674. 

18. Sztrymf B, Coulet F, Girerd B, Yaici A, Jais X, et al. (2008) Clinical outcomes of 
pulmonary arterial hypertension in carriers of BMPR2 mutation. AmJ Respir 
Crit Care Med 177: 1377-1383. 

19. Girerd B, Montani D, Eyries M, Yaici A, Sztrymf B, et al. (2010) Absence of 
influence of gender and BMPR2 mutation type on clinical phenotypes of 
pulmonary arterial hypertension. Respir Res 11: 73. 

20. Austin ED, PhiUips JA, CoganJD, Hamid R, Yu C, et al. (2009) Truncating and 
missense BMPR2 mutations diflcrentiallv affect the severity of heritable 
pulmonary arterial hypertension. Respir Res 10: 87. 

21. Humbert M, Morrell NW, Arehcr SL, Stenmark KR, MacLean MR, et al. 
(2004) Cellular and molecular pathobiology of pulmonary arterial hypertension. 
J Am CoU Cardiol 43: 13S-24S. 



22. McLaughlin VV, Prcsbcrg KW, Doyle RL, Abman SH, McCrory DC, et al. 
(2004) Prognosis of pulmonary arterial hypertension: ACCP evidence-based 
clinical practice guidelines. Chest 126: 78S-92S. 

23. McLaughlin W, McGoon MB (2006) Pulmonary arterial hypertension. 
Circulation 114: 1417-1431. 

24. Machado RD, James V, Southwood M, Harrison RE, Atkinson C, et al. (2005) 
Investigation of second genetic hits at the BMPR2 locus as a modulator of 
disease progression in familial pulmonary arterial hypertension. Circulation 111: 
607-613. 

25. Harrison RE, Berger R, Hawortii SG, Tulloh R, Mache CJ, et al. (2005) 
Transforming growth factor-beta receptor mutations and pulmonary arterial 
hypertension in childhood. Circulation 111: 435—441. 

26. Miyazono K (2000) TGF-beta signaling by Smad proteins. Cytokine Growth 
Factor Rev 11: 15-22. 

27. Kawabata M, Imamura T, Miyazono K (1998) Signal transduction by bone 
morphogenetic proteins. Cytokine Growth Factor Rev 9: 49-61. 

28. De Caestecker M, Meyrick B (2001) Bone morphogenetic proteins, genetics and 
the pathophysiology of primary pulmonary hypertension. Respir Res 2: 193- 
197. 

29. Song Y, Jones JE, Beppu H, KeaneyJFJr, Loscalzo J, et al. (2005) Increased 
susceptibility to pulmonary hypertension in heterozygous BMPR2 -mutant mice. 
Circulation 112: 553-562. 

30. West J, Harral J, Lane K, Deng Y, Ickes B, et al. (2008) Mice expressing 
BMPR2R899X transgene in smooth muscle develop pulmonary vascular lesions. 
AmJ Physiol Lung CeU Mol Physiol 295: L744-755. 

31. Teichert-Kuliszewska K, Kutr\'k MJ, Kuliszewski MA, Karoubi G, Courtman 
DW, et al. (2006) Bone morphogenetic protein reeeptor-2 signaling promotes 
pulmonary arterial endothelial cell survival: implications for loss-of-function 
mutations in the pathogenesis of pulmonary hypertension. Circ Res 98: 209- 
217. 

32. Hong KH, Lee YJ, Lee E, Park SO, Han C, et al. (2008) Genetic ablation of die 
BMPR2 gene in pulmonary endothelium is sufficient to predispose to pulmonary 
arterial hypertension. Circulation 118: 722—730. 

33. Addnson C, Stewart S, Upton PD, Machado R, lliomson JR, ct al. (2002) 
Primary pulmonary hypertension is associated with reduced pulmonary vascular 
expression of type II bone morphogenetic protein receptor. Circulation 105: 
1672-1678. 

34. Takahashi K, Kogaki S, Matsushita T, Nasuno S, Kurotobi S, et al. (2007) 
Hypoxia induces alteration of bone morphogenetic protein receptor signaling in 
pulmonary artery endothelial cell. Pediatr Res 61: 392-397. 

35. Li H, Zheng Y (2013) Effects of mycophenolic Acid on the proliferation and 
endothelin-1 and intcrleukin-6 secretion of rat pulmonary microvascular 
endothelial cells. Cell Physiol Biochem 32: 1354-1361. 

36. Star (iP, (iiovinazzo M, Langleben D (2010) Bone morphogenic protein-9 
stimulates endothelin-1 release from human pulmonary micro\'aseular endothe- 
lial cells: a potential mechanism for elevated ET-1 levels in pulmonary arterial 
hypertension. Microvase Res 80: 349-354. 

37. Morrell NW, Adnot S, Archer SL, Dupuis J, Jones PL, et al. (2009) Cellular and 
molecular basis of pulmonary arterial hypertension. J Am Co!! Cardiol 54: S20— 
31. 

38. I'uder RM, Abman SH, Braun T, Capron F, Stevens T, et al. (2009) 
Development and pathology of pulmonary hypertension. J Am CoU Cardiol 54: 

S3-9. 

39. Leung JW, Wong WT, Koon HW. Mo FM. Tam S, et al. (2011) Transgenic 
mice over-expressing ET-1 in the endothelial cells develop systemic hypertension 
with altered vascular reactivity. PLoS One 6: e26994. 

40. Dias-Junior CA, Cau SB, Tanus-Santos JE (2008) [Role of nitric oxide in die 
control of the pulmonar\' circulation: physiological, pathophysiological, and 
therapeutic implications] . J Bras Pneumol 34: 412-419. 

41. Stewart DJ, Lew RD, Cernacek P, Langleben D (1991) Increased plasma 
endothelin-1 in pulmonary hypertension: marker or mediator of disease? Ann 
Intern Med 114: 464-469. 

42. Langleben D (2007) Endothelin receptor antagonists in the treatment of 
pulmonary arterial hypertension. Clin Chest Med 28; 1 17-125, viii. 



PLOS ONE I www.plosone.org 



6 



September 2014 | Volume 9 | Issue 9 | e106703 



